The thermal effects on the Ultra High Performance Fiber Reinforced Concrete (UHPFRC) behavior are still not completely known. Under high temperatures, the processes that interact at early age are thermo-activated. All the experimental results obtained within this research confirmed it. Besides, certain authors observed a non-monotonous effect of temperature on the autogenous shrinkage and the creep of normal and high performance concretes. To clarify the thermal effect on the early age UHPFRC behavior an extensive experimental study was carried out. Tests results showed a non-monotonous effect of temperature on the autogenous shrinkage. In addition, finite element numerical simulations were performed to predict the experimental results and to validate existing models for different curing conditions. These models are necessary to predict accurately the deformations, the stresses and the damage (cracking) in the case of structural elements subjected to in-situ temperature variations.
Introduction
Cementitious materials with low water/binder ratios are sensitive to early age cracking. Previous research has shown that cracks can develop when the cementitious material is internally or externally restrained to shrink freely [1] [2] [3] . However many factors interact during early age and can influence the occurrence of cracks, see Fig. 1a . According to our review of literature, little attention has been given to study thermal effects on UHPFRC early age behavior, while in the last decades substantial attention has been given to the evaluation and modeling of the thermal effect on early age behavior for other cementitious materials (cement paste, conventional concrete and high performance concrete) [1, 2, 4] . Previous works on heat treated UHPFRC showed that treatment at high temperatures after the setting: 1) enhances the microstructure and the compressive strength of the material [5] [6] [7] [8] , 2) eliminates shrinkage and 3) reduces creep [5] . Besides, the heat treatment results in high proportion of bounded water, accelerates the pozzolanic reaction and modifies the hydrates structures [7, 9] .
Variations of curing conditions can be considered as most influential early age factor in a given structure. A better understanding of its influence may be beneficial in mitigating high early age stresses under restrained conditions and hence reducing the cracking risk. To investigate this influence, an intensive experimental study was conducted using a Temperature Stress Testing Machine (TSTM) at MCS [10] on the basis of previous works [1, 2, 11, 12] . The focus of this research was to investigate the UHPFRC early age autogenous shrinkage and shrinkage induced stresses at quasi-isothermal and realistic temperature conditions.
In addition, to model our experimental results, numerical simulations were made with finite element software MLS (Multi Layer System) [13] , which considers several phenomena, Fig. 1a , and their interactions through thermal, hygral, maturity and mechanical models. The detail of the models can be found in Refs. [13] [14] [15] . Besides, the aim of these numerical simulations is to validate the models implemented in this software under various curing conditions, Fig. 1b . These models are necessary to predict accurately the deformations, the stresses and the damage (cracking) in the case of structural elements subjected to in-situ temperature variations.
Material
UHPFRC of the CEMTEC multiscale ® family [16] is produced by adding steel fibers to ultra-compact cementitious matrix. The specific Ultra-High Performance Fiber Reinforced Concrete used in this study is characterized by an extremely low permeability, a high strength and a tensile strain hardening behavior [17] [18] [19] . The tested CEMTEC multiscale ® mix proportions are given in Table 1 . Despite its very low water/binder ratio (0.131), it exhibits excellent rheological properties in the fresh state; thanks to its high binder content.
Experiments

Testing procedure
The tests were performed on insulated dog-bone shaped specimens using a Temperature Stress Testing Machine (TSTM). The first device (FS), Fig. 2a , helps to determine the free deformation, and the second one (RS), Fig. 2b , the evolution of internal stresses generated under restrained conditions. Shortly after filling of the moulds, the specimens start to deform. Following the procedure developed by [2] , at the end of the setting time, the specimen is brought back to its initial position in the restrained shrinkage set-up. This operation induces stresses within a short period of time, which are measured by the load cell. When the initial position of deformation is attained, the control mode is switched to force control and a creep sequence is started, which lasts until a threshold level of deformation is reached [20] . In parallel, the temperature inside each UHPFRC specimen is recorded simultaneously. In the aim to investigate the thermal effect on early age UHPFRC behavior, different curing conditions were applied (20°C, 30°C and variable temperature evolution from 20-32-20) . Each test was carried out for 1 week.
3.2. Autogenous shrinkage and induced stresses under 20°C quasi-isotherm temperature Fig. 3a shows the results obtained in the FS set-up for 2 specimens tested in similar conditions. Examination of this figure reveals five steps. The first one, up to (1), corresponds to the chemical shrinkage (Le Châtelier contraction) that starts after the first water-cement contact. The second step (2) is characterized by swelling, also observed by [18] on a closely related material (with W/C = 0.18) and by [21] on high performance concrete (with W/C = 0.33). This swelling cannot be attributed to thermal dilation because the temperature starts to increase later (see the temperature evolution, Fig. 3a ) but may be attributed to the crystallization of the hydration products [22] . The third step (3) corresponds again to the chemical shrinkage. During the forth step (4), one notes a quasi-stop of the development of shrinkage for a limited period, from 43 to 48 h superimposed with a slight swelling due to the small temperature difference of 1°C as shown in Fig. 3a . The local deceleration of the development of shrinkage in this period, also observed and discussed by [18] , is not yet fully understood. The last stage (5) after 48 h is the main part of the autogenous shrinkage resulting from self-desiccation [23] .
The measured autogenous shrinkage varies between 105 and 140 μm/m at 7 days. The autogenous shrinkage of the tested UHPFRC is two times lower at same age than that measured on cement paste with W/C = 0.4 and containing 5% of silica fume [24] and that measured on high performance concrete with W/ B = 0.25 and containing 10% of silica fume [4] . This moderate autogenous shrinkage is attributed to the low degree of hydration (about 30% after 90 days). In fact, autogenous shrinkage results and develops during the hydration progress under sealed conditions, and its evolution is strongly related to the hydration degree at early age as shown and reported in [2, 10] .
The stresses generated by the autogenous and thermal dilation in the RS set-up for 2 specimens tested in similar conditions are shown in Fig. 3b . The stresses increase over time with the increase of the modulus. This stresses increase is however largely mitigated by the visco-elastic response of the UHPFRC at early age [25] . The induced stress reached 30 to 47% of the tensile strength (f t ⁎) obtained at the end of each test. However, the UHPFRC is less sensitive to cracking risk at early age (first 7 days). This is confirmed by visual analysis of other specimens, at the end of incremental tests where no cracks were detected. Note that the induced stresses keep on increasing with age because the autogenous shrinkage continues to develop after the first week. As the elastic modulus develops faster than the tensile strength [26] , hence higher stresses susceptible to induce cracking can develop at long-term. Finally, note that the occurrence of cracks in conventional concrete is likely when the stress to strength ratio reaches a value between 0.4 and 0.5 [27] . This is not the case for the present UHPFRC which is characterized by a high tensile strength and a high capacity of deformation (0.2% in the hardening domain). Consequently its early age cracking sensitivity at such stress levels is reduced. and 30°C. This figure shows the same five steps as observed for 20°C and a backward shift of the curve for 30°C which is related to the thermo-activation of the hydration process. Consequently, hydration products and self-desiccation at early age develop earlier and faster, as shown by the experimental results [23] . This leads to an increase of autogenous shrinkage with respect to that for 20°C. The temperature influences both the kinetics and the amplitude of autogenous shrinkage, because of its influence on the microstructure development [7] . Indeed the formed hydrates confine the porous structure and thus reduce the pore size, consequently leading to higher capillary tensions and more important contraction of the solid for 30°C. This result is coherent with [4] for high performance concrete. The maximal swelling is equal to that measured for 20°C (67 μm/m after 20 h). The measured autogenous shrinkage reaches 202 μm/m after 168 h, and is increased by 44% with regard to the highest autogenous shrinkage measured for 20°C (test 1).
Autogenous shrinkage and induced stresses under 30°C quasi-isotherm temperature
The comparison of stress evolution for 20 and 30°C is represented in Fig. 4b . This figure shows that the induced stresses develop earlier and faster for 30°C, due to the fast development of the driving forces "hydration, self-desiccation and consequently autogenous shrinkage". After 7 days, the stresses are slightly higher compared to 20°C and consequently likelihood of UHPFRC cracking is higher. Indeed (σ/f t ⁎) ratio for 30°C increased compared with that obtained for 20°C, as shown in Fig. 4b . This may be attributed to internal damage due to the occurrence of premature micro-cracks for 30°C. Finally, all these results show that as well the increase and the decrease of temperatures increased the autogenous shrinkage at early age with regard to 20°C. This tendency is reversed at long-term; [1] observed that the autogenous shrinkage under low temperatures becomes lower than that measured at 20°C from 12 days until the end of the measurement after 33 days.
Autogenous shrinkage under 10°C quasi-isotherm temperature
[2] attributed this contradictory effect to the complex combination of three parameters. The importance of each parameter varies with the type of the material and the curing conditions:
• The shrinkage caused by the capillary depression mechanism may be reduced by the higher strength of the solid skeleton, which is higher under high temperatures at early age. • The second effect can be related to the pores distribution. [29] as well as [30, 31] observed the higher thermal curing conduct to a more heterogeneous microstructure and a more unrefined porous structure. As the capillary depressions, depend on the pores size, this means that the shrinkage should be reduced for high temperatures.
• The third parameter at the origin of the reduction of the free shrinkage under high temperatures is the reduction of the tension in the interface gas-liquid in the capillary pores. According to [32] , the tension in the interface gas-liquid is dependent on the temperature. For pure water, the tension is weaker by 10% at 60°C with regard to 20°C.
In conclusion, the more significant free shrinkage for 10°C is related to the capillary depressions in the material characterized by low development of strength at early age. The intensity of the capillary tension depends strongly on the modification of the tensions in the gas-liquid interface in pores and of the pores distribution.
Autogenous shrinkage and induced stress under realistic temperature
One notes that the realistic conditions were considered as a special case to take into account the deformation due to the heat release during binder hydration.
The real evolution of temperature in the core of the UHPFRC layer of composite beams (UHPFRC-NC) investigated by [18] , was applied to study the early age behavior of the current UHPFRC under realistic temperatures. An equivalent temperature history was imposed by means of the control bath software (Wintherm), Fig. 6a . The temperature evolution recorded within the FS and RS specimens are represented in Fig. 6b . The measured temperature within the two specimens follows perfectly the imposed temperature. Fig. 7a shows the evolution of free deformation. Three different stages can be observed. The first stage corresponds to a low initial chemical shrinkage that starts to develop from the first contact water/cement. The second stage refers to the swelling related to the temperature increase during the hydration process, and the third stage is characterized by the shrinkage during the decreasing phase of temperature. Comparison of free deformation under quasi-isothermal and realistic temperature shows an increase of the swelling deformation at the early age due to the additional thermal dilation which adds to the swelling caused by the crystallization of the hydration products observed also under quasi-isothermal temperature. However, the free deformation reached after 7 days, for the realistic cure is similar to that measured for 20°C, as shown in Fig. 7a .
The stresses evolution under realistic and quasi-isothermal temperature of 20°C is represented in Fig. 7b . This figure shows at early age, a faster development of stresses under realistic curing, due to a thermo-activation of the hydration process during the temperature evolution, leading to a faster self-desiccation and autogenous shrinkage development. In addition, the fast hydration results in a densification of the UHPFRC microstructure and an increase of its stiffness, which makes difficult the application of successive stress increments to bring back the specimen to its initial length after the imposed deformation threshold has been reached.
Numerical simulations of autogenous shrinkage and induced stresses for different curing conditions
Autogenous shrinkage prediction for different quasiisotherm temperature
The input data for these numerical simulations are obtained from experimental results namely: the thermal properties deduced by applying the Danish model [10, 14, 18 ] to semiadiabatic test results [10] , the compressive strength, tensile strength, elastic modulus and the autogenous shrinkage. The dimensions and the boundary conditions considered for these simulations are shown in Fig. 8 .
A series of numerical simulations was performed to validate the maturity concept implemented in MLS for different curing conditions based on the autogenous shrinkage measured at 20°C (as input). Thus for the following simulations, the change consists only on the boundary conditions according to each case i.e. (30°C, 10°C and realistic temperature). Fig. 9 shows the prediction obtained for 30°C until 7 days. We can observe that the maturity concept applies for 30°C, because the model describes very well the evolution of the autogenous shrinkage under this temperature and approaches well the experimental results performed at this temperature both in expansion and contraction phase.
Further numerical simulations were performed to validate the application of the maturity concept for low temperatures and its ability to reproduce the inverse effect of temperature on the autogenous shrinkage as observed at early age. Note that in these simulations a corrective factor of the activation energy for low temperatures is considered. The activation energy as function of temperature proposed by [33, 34] is expressed by the following equations:
According to theses results, we can observe that even the variation of the corrective factor does not allow a better prediction of the UHFRPC free deformation. In parallel, numerical simulations based on HPC results, obtained by [2] were performed to validate our results. The overall results of these simulations showed a similarity with the current UHPFRC results i.e. the applicability of the maturity concept to describe the autogenous shrinkage for 20 and 30°C, but not for 10°C as shown in Fig. 10b [10] . Thus, we can conclude that the current maturity model requires an adaptation to describe correctly the behavior of cementitious materials for low temperatures. [32] also showed that the traditional maturity concept is not valid to describe both autogenous shrinkage and self-desiccation evolutions.
According to [32] , the pozzolanic reaction has generally an activation energy different from the cement hydration. For that purpose, the authors used two activation energies (a smaller energy traducing the cement hydration at early age and a higher one in long-term traducing the pozzolanic reaction) to describe the evolution of the internal relative humidity and the deformation of cement paste with W/C = 0.3 and containing 20% of silica fume. This adaptation gave satisfactory results. In theory, the properties, which result from the combination of various processes with various activation energies, cannot be described by single activation energy [35] . In conclusion, the maturity concept must be adapted to take into account simultaneous reactions with different sensitivities to the temperature.
Prediction for realistic temperature
Coefficient of expansion (CDT) as given in literature
Until now, the evolution of thermal dilation coefficient at early age arouses questions and is not completely understood. And in the literature, there are contradictions about the CDT evolutions for cement pastes and normal concretes.
Certain authors found that the CDT decreases from a high value to a constant value [36] [37] [38] . Several researches which are in agreement with this finding were enumerated by [37] .
Kada et al. [36] studied concretes having different water-tocement ratios (0.3; 0.35 and 0.45). For concretes having waterto-cement ratios of 0.45 and 0.35, the authors found that the CDT decrease from 32 × 10 − 6 to 6.5 × 10 − 6 [°C − 1 ] and remains constant at this value after. For the concrete having water-tocement ratio 0.3; the authors found that the CDT varies from 13 × 10 − 6 to 7.6 × 10 − 6 . Finally, the authors proposed to consider a value 3 to 4 times that of hardened concrete at the beginning of setting, than the CDT decreased until the end of setting to remain constant thereafter.
Recently, [1] found that the concrete with water-to-cement ratio of 0.4, has high CDT before setting (20 × 10 − 6 [°C − 1 ]). After the formation of solid structure, the CDT reduces, reaching a minimum value around the final set. After that the CDT increases as self-desiccation proceeds. This result is coherent with results obtained by [39] . The authors studied particularly the influence of internal moisture on the CDT. They found that the CDT, at fully dried and saturated conditions was the same, about 11 × 10 According to what precedes, it becomes difficult to carry a critical judgment on the results obtained by other authors. Nevertheless in all studies, a high value is given at early age and the initial variation of CDT is related to the free water that have a CDT twenty times higher than the others constituents.
Moreover, investigations accounting for the thermal dilation expansion of this specific material are inexistent. However, we have exploited the values of CDT proposed by [18] . The author proposed the CDT evolution showed in Fig. 12a , based on findings of [36, 37] . For instance the first value 40 × 10 − 6 [°C − 1 ], was fixed similar to that mentioned by [37] who state that the CDT value of concrete is 40 × 10 − 6 [°C − 1 ] in fresh state, value calculated from the mixing law i.e. from the volumetrically weighted average of the coefficients of the concrete components [36] .
Finally, one underlines that a constant value of CDT is often considered in program calculation, while it is known that it varies strongly with concrete mixture and the time [36, 37, 40] .
Autogenous shrinkage prediction under realistic temperature
Additional numerical simulations were performed to validate the maturity concept for realistic temperature. Fig. 11 shows the results of this numerical analysis. The first deformation prediction under a realistic temperature using a variable coefficient of expansion (CDT) (see Fig. 11a ) as proposed by [18] , based on the literature, is completely different with regard to our experimental results. The second validation test was established by adopting a constant value of the CDT of 12 × 10 − 6 [°C − 1 ] recommended by [41] . With this adaptation, we can observe that the prediction is more representative of the experimental deformation evolution under the realistic condition. In particular, the initial phase (below the first 26 h) and the final phase of current UHPFRC results (beyond 70 h). This allowed us to conclude that the initial value of the CDT proposed for the UHPFRC by [18] is overestimated.
To overcome this problem and to predict our experimental deformation under the realistic temperature, several profiles of CDT were proposed until obtaining an accurate prediction. A CDT varying between 25 × 10 − 6 and 12.5 × 10 − 6 [°C − 1 ], as shown in Fig. 12b . This figure showed that the CDT decreases during the temperature increase (heating phase), this finding is coherent with results obtained by other authors, but during the cooling phase the CDT remains constant and does not increase as found by [39, 40] . This figure showed that this CDT profile reproduces well our experimental results.
One notes that the prediction with this CDT profile approaches the prediction obtained with a constant CDT of 12 × 10
. We attribute the similarity between these two predictions in the initial phase to the de layed setting observed in the UHPFRC, which begins approximately between 20 and 24 h, and in long-term to the use of very close final values. The choice of weaker (CDT) than that adopted by [18] , within the whole setting time a llows to reduce the component of the thermal dilation in the total deformation as shown in Fig. 11 .
Finally, we can conclude that this result is correct at least for this material and the studied domain of temperature. These values must be validated by experiments. There is, therefore, more work to be made in this field, because it is necessary to know the DTC evolution of this specific cementitious material, to separate the thermal effect from autogenous shrinkage.
Induced stresses prediction for different curing conditions
The input data for these numerical simulations are obtained from experimental results namely: the thermal properties deduced by applying the Danish model [10, 14, 18] to semiadiabatic test results [10] , the compressive strength, tensile strength, elastic modulus and the autogenous shrinkage. The dimensions and the boundary conditions considered for these simulations are shown in Fig. 13 . Fig. 14a shows the experimental and the predicted induced stresses under a quasi-isothermal temperature of 20°C. According to this figure, we can observe that the model predicts stresses close to those obtained experimentally in the TSTM, and stays in the range of variability of the measurement, Fig. 3b . This figure shows also the benefit effect of the UHPFRC visco-elastic behavior at early age, which allows mitigation of induced stresses. In fact, the predicted induced stresses considering the material as purely elastic are reduced by about 67% thanks to the UHPFRC visco-elasticity, due to relaxation [10] .
Once, the measurement for 20°C validated, a new series of simulations was performed to verify again the validity of MLS to describe the thermo-mechanical effects i.e. the induced stresses at early age under total restrained conditions and various curing, in this case quasi-isothermal temperature of 30°C and realistic temperature. For each simulation, only the curing condition was modified.
Figs. 14b and 15 show the prediction obtained for quasiisothermal temperature of 30°C and realistic temperature during the 7 days. We can observe that the model describes well the influence of the temperature on the evolution of the stresses. The predicted results approach the measured ones. This is coherent with other validations of the model for stresses developed under incremental full restraint and total restraint [10] . These results confirm again that the influence of the curing conditions on the stresses is monotonous as observed previously by [1, 2] .
Conclusions
• Experiments performed on UHPFRC demonstrate that this material exhibits moderate autogenous shrinkage and a low shrinkage induced stress until 7 days. This moderate autogenous shrinkage is attributed to the low evolution of hydration despite the high volume of paste characterizing the UHPFRC mixture.
• The development of stresses under full restraint, at early age, remains moderate with respect to the tensile properties of the UHPFRC tested. According to our opinion, this level of stress seems to be too low to initiate cracks on the UHPFRC, as no cracks were observed after visual inspection of the specimens.
• Increased temperature accelerates the hydration process at early age and consequently all resulting processes that interact at early age are thermo-activated.
• Low temperature causes a reverse effect on UHPFRC autogenous shrinkage, this result confirms findings of previous works reported in the literature for other cementitious materials.
• UHPFRC thermal dilation coefficient should be determined experimentally to confirm the assumed values within this work.
• The traditional maturity concept is not valid to describe the autogenous shrinkage evolution at low temperatures.
• Existing models and implemented in MLS are valid to describe induced stresses at 20°C, 30°C and realistic temperature conditions. 
